Camera calibration for the NASA Virtual GloveBox project by El-Khater, Ramzi Wasef
UNLV Retrospective Theses & Dissertations 
1-1-2004 
Camera calibration for the NASA Virtual GloveBox project 
Ramzi Wasef El-Khater 
University of Nevada, Las Vegas 
Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds 
Repository Citation 
El-Khater, Ramzi Wasef, "Camera calibration for the NASA Virtual GloveBox project" (2004). UNLV 
Retrospective Theses & Dissertations. 1717. 
https://digitalscholarship.unlv.edu/rtds/1717 
This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV 
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the 
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from 
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself. 
 
This Thesis has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized 
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu. 
NOTE TO USERS
This reproduction is the best copy available.
UMI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CAM ERA CALIBRATION FOR TH E NASA 
V IR TU AL G LO VEBO X PROJECT
by
Ram zi W asef E I-K ha te r
B ache lo r o f Science 
U n ive rs ity  o f Nevada, Las Vegas 
2002
A  thes is  su b m itte d  in  p a rtia l fu lf i llm e n t 
o f the re qu ire m en t fo r the
Master o f S cien ce  Degree in  Computer Science  
School o f Computer Science  
College o f Engineering
Graduate College 
U niversity o f Nevada, Las Vegas 
Decem ber 2 0 0 4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI Number: 1427400
INFORMATION TO USERS
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.
UMI
UMI Microform 1427400 
Copyright 2005 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code.
ProQuest Information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Thesis Approval
The Graduate College 
U n ive rs ity  o f Nevada, Las Vegas
N ovem ber 19_________  ^20 04
The Thesis prepared by
Ramzi Wasef El-khater
Entitled
"C am era  C a l i b r a t i o n  f o r  th e  NASA V i r t u a l  G lo ve B o x  P r o j e c t "
is approved in  partia l fu lfillm e n t o f the requirements fo r the degree of 
M a s te r  o f  S c ie n c e  i n  C om pu te r S c ie n c e
Exam ination Committee Mem ber
z
E xa w n a tio n  Committee M em ber
i
Gradjliate CoiQ ge F acu lty  Representative
Exam ination Committee Chair
Dean o f the Graduate College
11
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
Camera Calibration for th e  NASA Virtual GloveBox Project
by
Ram zi W asef E l-K ha te r
D r. Evangelos A. Y fan tls , E xa m in a tio n  C om m ittee C ha ir 
Professor o f C om pu te r Science 
U n ive rs ity  o f Nevada, Las Vegas
In  th is  thes is , we develop a new  cam era ca lib ra tio n  a lg o rith m  fo r 
use in  the  NASA V ir tu a l G loveBox (VGX) H um an  C om pute r In te ra c tio n  
(HCI) System. The developed a lg o rith m  is based on the  geom etric 
p roperties o f perspective p ro jec tions and provides a closed fo rm  so lu tio n  
fo r a ll the  cam era param eters. The accuracy o f the ca lib ra tio n  is 
evaluated in  th e  con tex t o f the  NASA V ir tu a l G loveBox and the  re su lts  
ind ica te  th a t accu racy s im ila r  to  o the r m ore com plex and 
co m p u ta tio n a lly  expensive ca lib ra tio n  m ethods can be achieved u s in g  
o u r a lgo rithm . C am era ca lib ra tio n  is an  in it ia l step in  m any com pu te r 
v is ion  ap p lica tions . C om pute r v is io n  refers to the  a u tom a tic  ex tra c tio n  
o f in fo rm a tio n  a b o u t a scene based on images o f it. The ta sk  o f cam era
111
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ca lib ra tio n  is to  estim ate  the  cam era param ete rs w h ic h  in  tu rn  a llow  us 
to  in fe r m e tr ic  in fo rm a tio n  ab ou t a scene from  im ages o f it.
IV
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CHAPTER 1 
INTRODUCTION
C om pute r v is io n  re fers to  the  au to m a tic  e x tra c tio n  o f in fo rm a tio n  
from  a scene based on one o r m ore im ages o f it. W hen a cam era 
acquires an  im age o f a scene i t  e ffective ly pe rfo rm s a perspective 
p ro jec tion  o f the  scene on to  the  image p lane. The ta sk  o f cam era 
ca lib ra tio n  is to  estim ate  the  param eters o f the  cam era so th a t we are 
, able to  pe rfo rm  the  reverse perspective p ro jec tion  on the  im age and 
estim ate  the  w o rld  coord ina tes o f eve iy p o in t. In  perspective p ro jec tion  
m ore th a n  one 3D p o in t can be pro jected on to  the  same p o in t in  the  
image. Therefore i t  is  im poss ib le  to in fe r the  dep th  (distance fro m  the  
camera) o f a p o in t in  the  image w ith  o n ly  one camera; th is  is 
dem onstra ted  in  F igure  1.1. In  the figure, the  p o in t Ow is pro jected to  a, 
in  the  image th ro u g h  the  p inho le  p  and any p o in t a long the  line  p  Ow is  
also pro jected to  Oi, m a k in g  i t  im possib le  fro m  loo k in g  a t at to  know  
w h ich  p o in t i t  corresponds to  a long the  line  pow. However, we can use 
two images o f a scene, ta ke n  by a p a ir  o f ca lib ra ted  cameras, to  resolve 
the  dep th  o f an  object.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
P inho le
p  =  (a, fS, y)
Im age p lane
Scene
F igure  1 .1 -  P ro jection  o f aw
The cam era ca lib ra tio n  p rob lem  can be fo rm a lly  sta ted as foUows; 
given the  2D coord ina tes o f a p o in t cu in  the  image and a kn o w n  p lane in  
the  w o rld  coord ina te  system , f in d  the  3D w o rld  coord ina tes Op 
correspond ing  to  cu in  the  p lane. In  o th e r w ords, we es tab lish  a m app ing  
from  the  2D im age coord ina tes to  the  3D  w o rld  coord inates o f p o in ts  on a 
given p lane.
Cam era ca lib ra tio n  is used in  m a n y  com pu te r v is ion  app lica tions. 
K now ing  how  to  m ap p o in ts  from  the  im age to  w orld  coord ina tes a llow s 
us to  e x trac t a ll k in d s  o f use fu l in fo rm a tio n . For ins tance  i t  can be used 
to  m easure d istances between ce rta in  fea tu res on the  h u m a n  face fo r 
fac ia l recogn ition  system s. In  ro b o t v is io n  a ro b o t can estim ate  the 
pos itions  o f obstacles a u to m a tica lly  u s in g  a p a ir  o f ca lib ra ted  cameras. 
O the r app lica tions  o f cam era c a lib ra tio n  can be fou nd  in  the 
m a n u fa c tu r in g  in d u s try , w here ca lib ra ted  cam eras are used to  m ake
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
accura te  m easurem ents to  id e n tify  defective u n its . Cam era c a lib ra tio n  is 
also app lied  in  the  fie ld  o f h u m a n  com pu te r in te ra c tio n  (HCI), the  area 
th is  thes is  deals w ith .
The cam era ca lib ra tio n  prob lem  is considered in  the  co n te x t o f the 
NASA V ir tu a l G loveBox (VOX). In  th is  thes is  we presen t a new  a lg o rith m  
fo r cam era ca lib ra tio n  based on geom etric p roperties  o f 3D  p ro jec tions. 
C hap te r 1 gives backg round  in fo rm a tio n  and sets the  co n tex t in  w h ich  
the  ca lib ra tio n  p rob lem  is considered. C hap te r 2 exp la ins in  d e ta il the  
theo ry  o f o u r a lg o rithm . C hap te r 3 describes the  experim enta l p rocedure  
and presents  the  experim enta l resu lts  and  C hapte r 4 gives the 
conclusive  re su lts  and fu tu re  research poss ib ilities . T h is  research  was 
funded  b y  NASA Space G rant/E P S C oR ; “D evelopm ent o f a N a tio n a lly  
C om petitive  Program  in  C om pute r V is io n  Technologies fo r E ffective 
H u m a n -C o m p u te r In te ra c tio n  in  V ir tu a l E n v iro n m e n ts .”
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CHAPTER 2
BACKGROUND INFORMATION
2.1 NASA V ir tu a l Glovebox (VOX)
The in te rn a tio n a l space s ta tio n  w il l  soon provide a research fa c ility  fo r 
s tu d y in g  the  long  te rm  effects o f m ic rog rav ity  on  liv in g  system s. 
E xpe rim en ts  w il l  be ca rried  o u t in  a glove box designed to  accom m odate 
a ll the  liv in g  organ ism s and necessary in s tru m e n ts . P erfo rm ing  these 
experim ents  in  the  glove box, a t m ic rog rav ity , requ ires  a h ig h  degree o f 
s k ill and tra in in g  on p a rt o f the  sc ien tis t. The purpose o f the  V ir tu a l 
G lovebox (VGX) is  to provide  sc ien tis ts  w ith  a s im u la ted  m ic rog rav ity  
e nv iron m en t fo r tra in in g  and experim en ta tion  on ea rth  [13].
One o f the  m any tasks  perfo rm ed by the  VG X is the  tra c k in g  and 
u n de rs ta n d in g  o f h u m a n  ha nd  m ovem ents [6,7,8]. The VG X shou ld  be 
able to  resolve the  p o s itio n  o f the  ha nd  ins ide  the G lovebox and fin d  the  
p o s itio n  and o rie n ta tio n  o f every finger. C u rre n t VG X  designs achieve 
th is  b y  u s in g  invasive m ethods th a t involve th e  use r w earing  
m ag ne tica lly  tracked  gloves [13]. Ins tead  o f u s ing  gloves, the V G X  a t the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
C om pu te r G raph ics and Image Processing La bo ra to ry  (CGIPL) at 
UNLV uses video images o f the  hands cap tu red  from  m u lt ip le  cameras. 
A n  in it ia l step in  tra ck in g  the  m ovem ent o f the  hands  is ca lib ra tin g  the 
cam eras so th a t 3D  in fo rm a tio n  can be acqu ired  fro m  the  2D images.
The V ir tu a l G lovebox (VGX) system  a t the  CGIPL con ta ins  m any 
com ponents w h ich , can be classified  in to  hardw are  and software. The 
hardw are  com ponents in c lu d e  the a c tua l glove box, u p  to  fo u r Pelco 
C C C 1370H -2 Series D ig ita l CCD Cameras w ith  a p ixe l a rra y  o f 752x582, 
one S ta tis tic a l and Software A na lys ts  Inc. (SSAI) fo u r in p u t  video cap tu re  
card. The SSAI cap tu re  card  provides rea l-tim e  (30fps fo r NTSC) fram e 
g rabb ing  capab ilities  fo r u p  to  4 s im u ltaneo us  cam eras. T ha n ks  to an 
on-board  synch ron iza tion  c irc u it, the  lag between eam era-to-cam era 
sw itch in g  is  m in im ized . The board  inc ludes  4 independen t video 
d ig itize rs  fo r h ig h  speed w he n  w o rk in g  w ith  m u ltip le  cam eras. The 
design is based on the  w e ll-kn o w n  V ideo Decoder F us ion878A  from  
Conexant® , a long w ith  p ro p rie ta ry  sw itch in g  a lg o rith m s  and image 
enhancem ent capab ilities .
The softw are com ponents o f the  V G X  system  inc lu d e  camera 
ca lib ra tio n , m o tion  de tection  and hand  separa tion  [6] [7] [8], 3D 
reco ns truc tio n , co m pu te r g raph ics  hand  m odel and tra n sm iss io n  
software. T h is  thes is  w il l  deal w ith  the  cam era ca lib ra tio n  com ponent o f 
the  V G X  system .
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2.2  Perspective pro jections 
A  perspective p ro je c tio n  is a m ethod fo r p ro jec ting  a 3D scene onto 
a 2D plane in  a m a n n e r th a t preserves the  perspective re la tions  between 
objects. In  a perspective p ro jec tion  objects th a t are fa r away from  the  eye 
seem sm a lle r th a n  close objects, F igure  2.1 dem onstra tes how  
perspective p ro jec tions w o rk .
In  the  figu re  the  p o in t a, is  the  p ro jee tion  o f the  3D w orld  p o in t a . 
We define a 2D coord ina te  system  u,v in  the  p lane th a t we are p ro jec ting  
to; th is  is called the  Im age p lane. The question  is, w h a t are the 
coord inates o f a- = (w .,y )in  th is  new  coord ina te  system?
U
F igure  2.1: Perspective pro jections
The trian g le  Aa, pc  is  s im ila r  to  Apa a therefore.
u- f  - f a—i~  = o r  U: = ■
-a. a. a.
(2.1)
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also A a ■ p c  is s im ila r  to Apa a * , therefore,
o r  V,. = - ^  (2.2)
-a , a, a.
The p o in t p  is  called the  p inho le ; the  d is tance from  p  to  the
image p lane is called the  focal leng th  / .  The s ign ificance o f perspective
p ro jec tions  lies in  the  fac t th a t th e  cam era b y  c a p tu r in g  an image o f the  
3D  w orld  effectively perfo rm s a perspective p ro je c tio n  on a ll the  p o in ts  in  
the  scene onto the  CCD plane. I f  we have an idea l camera w here the 
p inho le  is  pos itioned a long z-axis o f the  w o rld  coord ina te  system  as seen 
in  F igure  2.1, th e n  a ll we w ou ld  have to  do is perfo rm  a reverse 
perspective p ro jec tion  on the  p o in ts  in  the  image to ob ta in  th e ir  w orld  
coord inates. However, the  d ifficu ltie s  arise  from  a llow ing  the cam era to 
be a rb itra r ily  positioned re la tive  to  the  w o rld  coord ina te  system and from  
the  effects o f the  cam eras in te rn a l pa ram ete rs  such  as lens d is to rtio n s  
and sealing facto rs  on the  image.
2.3  The P inhole C am era M odel 
The m ost com m on m ethod  fo r dev is ing  a m a them atica l m odel fo r 
the  cam era is  the  p inho le  cam era m odel. The p inho le  cam era m odel is 
insp ire d  from  the  perspective p ro jee tion  schem e o f F igure  2.1, w here the 
p inho le  p , the  focal leng th  /  and the  im age p lane together co n s titu te
the  cam era. The p inho le  cam era m odel invo lves fo u r coord inate  system s, 
the  w o rld  coord ina te  system  (WCS) w h ic h  is a rb itra ry , the  cam era
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
coord ina te  system  (CCS) w h leh  has its  o rig in  a t the  p inho le , the  2D 
image coo rd ina te  system  (ICS) w h ich  is in  p ixe ls  and has its  o rig in  a t the 
com er o f th e  image, la s tly  a fo u rth  coord ina te  system  (u,u) is  defined w ith  
its  o rig in  a t the  cen te r o f the  image, we w il l  eall th is  the  UVCS ( uv 
eoord inate system ) see F igure  2.2.
ICS
{c„,r„) /UVCS /u
p inho le
X, WCS
Figure  2 .2  - C oord ina te  referenee fram es o f p inho le  eam era m odel
We s ta r t w ith  a p o in t = {x^, y^ ,z^ )in  WCS. To go fo rm  the  WCS 
to  the  CCS we have to  ro ta te  the  WCS and th e n  trans la te .
X,- "h"
= R +
A .
(2.3)
w here R is  the  ro ta tio n  m a tr ix  and t = ]  is  the  tra n s la tio n
veetor. Onee we have the  CCS eoord inates we can o b ta in  the  UVCS 
eoordinates (w,v) b y  app ly ing  a perspective p ro jec tion  to  {x^,y^,z^ ) . We 
have the  fo llow ing .
8
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u = ^ ^ ,  (2.5)
v =  - ^ .  (2.6)
Now th a t we have expressed in  UVCS, the  n e x t step is to  express the 
same p o in t in  the  ICS. T h is  is  achieved b y  the  fo llow ing,
c Cq = s , (2.7)
VQ-r =  s^v, (2.8)
where, (r,c) are the  image coord ina tes o f a po in t.
So fa r in  o u r m odel, we d id  n o t cons ide r any fo rm  o f lens
d is to rtio n . However, lens d is to rtio n  has a s ig n ifica n t im p a c t on the
shape o f the  image, espeeially w ith  inexpensive cameras. The tw o m ost 
com m only considered fo rm s o f d is to rtio n  are the  ra d ia l and tangen tia l 
d is to rtions . R ad ia l d is to rtio n  is  due to  im perfee tions in  the  e ons truc tio n  
o f the  lens and eauses p o in ts  to  get ra d ia lly  d isplaeed from  the  eenter o f 
the  image. T h is  d isp laeem ent can be e ith e r positive  o r negative, as can be 
seen in  F igure  2.3; the  square represents the  image w ith o u t d is to rtio n  
and the  dashed line  represents the  d is to rted  image.
O u r experim ents ind iea ted  th a t the  m agn itude  o f d is to rtio n  
increases w ith  the  rad ius . In  fact, we can m odel the m agn itude  o f 
d is to rtio n  as a fu n c tio n  o f the  ra d iu s  u s in g  a po lynom ia l o f the  fo rm
= (2.9)
9
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a) b)
F igure  2.3 - a). Negative d isp laeem ent. b). Positive d isp laeem ent
w here /c, and are the  d is to rtio n  eoeffieients and r. = + vf is  the
ra d ius . We estim ate  the  d is to rtio n  eoeffieients by p ro je c tin g  a set o f test 
p o in ts  on to  the  image p lane u s in g  the d is to rtio n  free eam era m odel and 
f it t in g  a p o lyn o m ia l to  the  e rro r eurve, a m ore deta iled exp lana tion  w il l  be 
given in  the  nex t chapter.
O the r fo rm s o f geom etrie d is to rtio n  have been considered in  the  
lite ra tu re  [4] ; some o f these are the  decentering d is to rtio n  and th in  p rism  
d is to rtio n . D ecentering  d is to rtio n  is  caused by the op tica l centers o f the 
lens e lem ents n o t be ing  s tr ic t ly  coUinear and is governed by  the  fo llow ing  
expressions [4],
= p^(3u^+v^)  + 2p2uv (2 . 10)
= 2 p^uv + p^(u- + 3v^ ) (2 . 11)
where, p, and p^ are the  d is to r tio n  param eters and and are the  
decentering  d is to rtio n s  in  the  u  and v  d irec tions  respective ly. T h in  p rism
10
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d is to rtio n  arises from  im perfec tions  in  lens m a n u fa c tu rin g  and camera 
assem bly and ean be expressed as the  fo llow ing  fu n c tio n s  [4]:
(2 . 12)
(^vp=^2(w'+v') (2.13)
As before, 5, and s.^  are the  d is to r tio n  eoeffie ients and and &  are the
th in  p rism  d is to rtion s  in  the  u  and v  d irec tions, respectively. O n ly  ra d ia l 
d is to rtio n  is considered in  th is  thes is  since i t  is  the m ost s ig n ifica n t 
c o n tr ib u to r to d is to rtio n  in  inexpensive  cameras.
2 .4  C a lib ra tio n  Problem  
Now th a t we have presented the  cam era model, we can state the 
ca lib ra tio n  prob lem . The eam era ca lib ra tio n  p rob lem  ean be stated as 
fo llows: fin d  the 3D w o rld  coord ina tes o f a p o in t Op on a know n  p lane P 
th a t, appears a t pos ition  cu in  the  image. In  o the r w ords, we estab lish  a 
m app ing  from  the  2D image coord ina tes to the  3D w o rld  coordinates o f 
p o in ts  on a given plane.
In  o rder to estab lish  th is  m app ing , we need to fin d  the va lues fo r 
a ll o f the  param eters o f the  cam era m odel. The param eters are classified 
in to  tw o classes, in te rn a l and  exte rna l. The in te rn a l param eters are the 
focal leng th  / ,  the  p r in c ip a l p o in t (c„,r„), the scale facto rs and 5^  and
the d is to rtio n  param eters. The ex te rna l param eters are the  ro ta tio n  
m a tr ix  R and the  tra n s la tio n  vec to r t in  equa tion  (2.7). Once we have
11
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com puted  the  va lues fo r a ll o f the param eters, the  WCS coord ina tes o f 
any p o in t in  the  im age ean be com puted b y  u s in g  equa tions (2.3) to  (2.8). 
T h u s  we ob ta in
+ (2.14)
,  + + (2.15)
( V .  + r „ y .  + r „ z .+ t , )
U sing  m a tr ix  n o ta tio n , equations (2.14) and (2.15) can be w r it te n  as,
A (R ,P w )+ /A +^^ (2.16)
+ (2.17)
RsPw+f
w here = fs^, = fs^ and p „ = z J .
A  set o f p o in ts  w ith  kn ow n  WCS eoord inates is used to
solve fo r the  param eters; these p o in ts  are called “co n tro l p o in ts ” . Onee 
an image o f the  co n tro l p o in ts  is acquired, the  ICS coordinates (r,c) ean 
be extracted  from  the  image. The eamera param ete rs are the n  solved fo r
b y  se tting  a m ap o f correspondences betw een the  know n  WCS
coord ina tes and the  extracted  ICS eoordinates.
2 .5  L ite ra tu re  Survey 
The prob lem  o f eam era ca lib ra tio n  has been s tud ied  extensive ly in  
the  lite ra tu re . In  th is  section we w ill p resen t some o f the  techn iques and 
ideas m ost com m on ly  used. I t  shou ld  be noted th a t the  ca lib ra tio n
12
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a lgo rithm  presented la te r in  C hap te r 3 is very d iffe re n t th a n  m ost 
ex is ting  m ethods. In  general, ex is ting  ca lib ra tio n  m ethods ean be 
classified in to  th ree  classes [4].
1. Closed f o r m  solut ion methods.  In  these m ethods, the  n o n -lin e a r 
cam era ca lib ra tio n  p rob lem  is tran s fo rm ed  in to  a lin e a r one, the 
param eters fo r the  lin e a r m odel are resolved v ia  L inea r Least 
Squares (LLS) (Appendix A) and th e n  the  com puted  param eters are 
inverse trans fo rm ed  to th e ir  n o n -lin e a r coun te r parts . The 
prob lem  w ith  these m ethods is  th a t i t  is  very d if f ic u lt  to  
inco rpo ra te  lens d is to rtio n s  in to  the  m odel and the accuracy is 
re la tive ly  poor. The m ethod  o f Abdel-Aziz and K arara  [1] fa lls  in to  
th is  category.
2. Direct opt imizat ion methods. The param ete rs o f the n o n -lin e a r 
m odel are ite ra tive ly  estim ated v ia  o p tim iza tio n  o f some e rro r 
fu n c tio n  th a t re la tes the  kn o w n  WCS coord inates o f the  con tro l 
p o in ts  to  th e ir  com puted  values. N on -lin e a r lens d is to rtio n  can 
easily be inco rpo ra ted  in to  th is  class. However, the  convergence o f 
the  n o n -lin e a r o p tim iza tio n  is n o t guaranteed and u su a lly  requ ires 
an in it ia l guess th a t is close to  the  a c tu a l so lu tion . Some o f the  
approaches th a t fa ll in to  th is  category are those o f B row n  [2], Faig 
[14] and W ong [5].
3. Two-step  methods. T h is  class o f m ethods com bines the  f irs t  tw o 
classes together. N on -lin e a r o p tim iza tio n  is  used to solve fo r the
13
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param eters. However a closed fo rm  so lu tio n  is  used to  fin d  the  
in it ia l guess fo r the  n o n -lin e a r o p tim iza tio n  m a k in g  these m ethods 
m ore lik e ly  to converge on the  correct so lu tion . Some the 
a lg o rith m s  th a t fa ll u n d e r th is  category are those o f Faugras and 
Tosaeni [9,10] W eng et a l[4], Tsa i [11,12], Q ing  e t a l [15] and 
Zhang  [16].
One o f the  f irs t  approaches fo r ca lib ra tio n  came fro m  the 
p h o to g ra m m e tiy  co m m u n ity  [1]. T h is  m e thod  is called the  D ire c t L inea r 
T ra n s fo rm a tion  (DLT) and fa lls  in  the  category o f closed fo rm  so lu tio n  
m ethods. The n o n -lin e a r m odel o f (2.16) and (2.17) is tran s fo rm ed  in to  a 
lin e a r m odel w h ic h  is th e n  solved v ia  LLS. By u n iiy in g  the  denom ina to rs  
o f (2.16) and (2.17) we ob ta in
. +C0 R 3 P , + A h  +Co'z  ^ ( 2  18)
R jP w + f
(2.19)
R 3 PW
The fo llow ing  in te rm ed ia te  va riab les are defined to  m ake the  prob lem  
linear:
W, = /^R, +C0 R 3
W 3=R ,
" " (2 .20) 
By cons ide ring  equations (2.20), (2.18) and (2.19) we ob ta in .
14
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12.21)
r = . (2 .2 2 )
W 3 P.+W ,
Since equa tions (2.21) and (2.22) are lin e a r we can solve fo r  the  
in te rm ed ia te  param eters ( W , , W j , w^ .Wg) us ing  LLS. To avoid the  
hom ogeneous so lu tion , tw o co n s tra in ts  are set on the param eters:
1. The n o rm  o f veetor Wj m u s t equal u n ity  since i t  is  the  th ird  row  o f 
a ro ta tio n  m a tr ix .
2. The s ign  o f m u s t be com patib le  w ith  the ground  t r u th  va lues; 
th a t is  Wg m u s t be positive  o r negative depending on w h e th e r the 
eam era is  in  fro n t o f o r be h in d  the  image plane.
Once the  in te rm ed ia te  va lues are com puted they ean be used to 
estab lish  a m app ing  fro m  the  ICS to  the WCS o r they ean be used to 
com pute the  a c tu a l eamera param eters. The D LT is a s im p le  and 
co m p u ta tio n a lly  e ffic ien t m ethod  fo r ca lib ra tion , however its  accu racy  is 
re la tive ly  poor w hen  u s in g  inexpensive cam eras due to  the  fac t th a t i t  
does n o t take  in to  cons ide ra tion  lens d is to rtions .
A  ca lib ra tio n  m ethod th a t considers a n u m be r o f d iffe re n t types o f 
lens d is to rtio n s  is  the  n o n -lin e a r m ethod developed b y  W eng et a l [4]. 
T h is  m ethod fa lls  in to  the  tw o-step  m ethods category. In  the  f irs t  step 
the  D LT m ethod  is  used to  approx im ate  the  d is to rtion -fre e  eamera 
param eters. The re su lts  from  th is  step are taken  as an  in it ia l guess fo r
15
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the  n o n - lin e a r op tim iza tion . In  the  seeond step a ll d is to rtio n s  are added 
to  the  m ode l and n o n -lin e a r op tim iza tio n  is used to  com pute  the  cam era 
and d is to rtio n  param eters.
W eng et al em ploy a v e iy  extensive d is to rtio n  m odel u s ing  three 
types o f d is to rtion s . These are the  rad ia l, de -centering  and th in -p r is m  
d is to rtio n s  described in  Section 2.3. The to ta l d is to rtio n  is  given by
S^ {^u,v) = s^{w 4 - +  3P\U^  -l- PjV" + 2Pjuv + -l- v^) (2.23)
<5'^ ,(m,v) = +v^ )-i- 2p,Mv + PjU^ + 3p2V~ + k^v{u^ +v^) (2.24)
w here ^(w ,v ) and 5^{u,v) are the  d is to rtio n  in  the  u  and  v  d irec tions  
respective ly. R ew riting  equations (2.23) and (2.24) we o b ta in
^(w ,v) = (g, + + -^k^u{u- +v^) (2.25)
= + +k^v{u- -hv^) (2.26)
w here
g, = ^ i +  P i .  ( 2 . 2 7 )
g^=s^ + p^, (2.28)
g) = . (2.29)
8a = 2^2 • (2.30)
Let m = (ro,Co,/,t,R )be the vecto r o f a ll cam era param eters o ther 
th a n  d is to rtio n  and d ~{k^,g^,g^,g^,g^) be the  d is to rtio n  param eters. The
f irs t step is  to  assum e zero fo r a ll d is to rtio n  param eters and solve fo r the 
re m a in in g  param eters u s in g  the  D LT as described p rev ious ly . The nex t
16
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step is to ca rry  o u t the  n o n -lin e a r op tim iza tion . Let r^{m,d) and  c.{m,d) 
be the  ICS coord ina tes o f a co n tro l p o in t com puted u s in g  the  cu rre n t 
va lues fo r the  cam era param ete rs  and le t r and c be the  a c tu a l ICS 
coordinates. The n o n -lin e a r o p tim iza tion  m in im izes the  fo llow ing  
objective fu n c tio n
+[c: } . (2.31)
1 = 1
w here N is  the  n u m b e r o f co n tro l po in ts .
O the r aspects o f ca lib ra tio n  p lay an im p o rta n t ro le  in  the  overall 
accuracy as w ell. Some o f these were considered in  H e ikk ila  et a l [3]; they 
consider the  effects o f q u a n tiza tio n  noise, ca lib ra tio n  object accuracy and 
illu m in a tio n . The q u a n tiza tio n  noise is caused by  num erous facto rs, its  
effects can be reduced b y  u s in g  large dots w ith  large spacing  between 
them . The ca lib ra tio n  ob jec t shou ld  be construc ted  very precise ly in  
o rder to  reduce any m easurem ent e rrors, often the  e rro rs  caused b y  the  
ca lib ra tion  ob ject are sys tem atic  and can be com pensated for. 
I llu m in a tio n  is one o f the  m o s t im p o rta n t cons idera tions in  any com pu te r 
v is ion  a p p lica tio n  and one sh o u ld  always m ake sure th a t the  ca lib ra tio n  
ob ject is  p ro pe rly  illu m in a te d .
17
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CHAPTERS
CALIBRATION ALGO RITHM
3.1 F in d in g  The In te rn a l C am era Param eters 
The in te rn a l param eters o f the cam era are the  focal leng th  / ,  the
p r in c ip a l p o in t (Cg,A^) (See F igure  2.2), the  scale facto rs  in  the  x  and y
d ire c tio n  and Sy , and the  ra d ia l d is to r tio n  coeffic ients and .
R eposition ing  the cam era does n o t change any o f its  in te rn a l param eters. 
The on ly  w ay to change an  in te rn a l cam era pa ram ete r is b y  chang ing  the  
zoom o r the  focus se tting  o f the  cam era w h ic h  changes the  focal leng th  
/ .  Therefore, once we have the  va lues o f the  in te rn a l cam era
param eters, we can rep os ition  the  cam era as desired.
In  o rder to  ca lcu la te  the  in te rn a l param eters, we place o u r ca lib ra tio n  
ob ject p e rpen d icu la r to  the  cam era, th a t is, p a ra lle l to  the  image plane, 
and we set the o rig in  o f the  WCS to  be on the  p o in t th a t appears a t the  
center o f the  image. In  effect, w h a t we are do ing  is se tting  the ro ta tio n  
m a tr ix  R to  a 180 degree y -ro ll and the  tra n s la tio n  vector ? to  [O 0 h]
w here h is  the  d is tance  fro m  the  p inho le  to  the  o rig in  o f the  W CS (Figure 
3.1).
18
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Image plane
pinhole
Figure  3.1 - C on fig u ra tion  fo r fin d in g  the  in te rn a l eam era param eters.
3.1.1 The focal leng th  and scale facto rs  
O u r a lg o rith m  fo r fin d in g  the  focal leng th  /  re lies on  the fac t th a t the
ra tio  between the  leng th  o f a line  in  rea l w o rld  and the  leng th  o f th a t line  
in  the  image rem a ins  co n s ta n t fo r a ll lines  (see F igure  3.2). In  the  figu re  
we consider th e  p ro jec tion  o f the  tw o lines w here the  fo rm e r
is  ra ised b y  a kn o w n  he igh t Zg. T hus, we have the  fo llow ing  equations:
so th a t,
and
\^2
h
(3.1)
19
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Therefore,
_ /
h - Z x
(3.2)
(uO, vO)
113 111
Iz
F igure  3.2 - F in d in g  the  foeal leng th  from  tw o lines
There are th ree  u n kn o w n s  in  equa tions (3.1) and (3.2). These are: 
f  and h . However, i f  we rearrange equa tion  (3.2) to  be
X^-X^
(3.3)
we see th a t there  is a co ns tan t ra tio  betw een /  and . The ra tio  is 
co ns ta n t because b o th  param eters have the  same sca ling  affect on the  
image. T a k in g  th is  in to  cons idera tion , we can define a “V ir tu a l C am era” 
th a t has set to  one p ixe l per cen tim e te r and the  correspond ing  focal
20
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le n g th /  w il l  be m u ch  greater th a n  the  a c tua l foca l leng th . T h u s  we 
e lim ina te  fro m  equations (3.1) and (3.2). So lv ing the  tw o  equa tions fo r 
h and /  a fte r se ttin g  0p ixe l / cm we ob ta in
AZg
h ■
A - l '
(3.4)
w here
A  =
%2 - ^ 1 - « 3
U-2
(3.5)
and
f = -
h U.2 ~M]
(3.6)
E qu a tion  (3.6) ean be used to  ca lcu la te  / .  However, w hen  u s in g
equa tion  (3.6) we m u s t consider the  effects o f ra d ia l d is to rtio n . R adia l 
d is to rtio n  causes the leng th  o f the  lines in  the image to  be d is to rted , 
w h ich  leads to  an  inaccu ra te  es tim a tion  o f / .  To overcome th is  p rob lem
we on ly  cons ide r lines  th a t lie  e n tire ly  w ith in  a ce rta in  reg ion in  the 
center o f the  im age w here the  effects o f ra d ia l d is to rtio n  are ve ry  sm all. 
Now we proceed to estim ate  w h ich  is  the sca ling  fa c to r in  the  y
d irec tion . In  m any  cam eras 5^  and f^a re  n o t equal caus ing  the  p ixe ls  to
have a re c ta n g u la r shape. The ra tio  V  is the aspect ra tio  and w il l  be
21
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denoted b y  a .  F igure  3.3 illu s tra te s  how  we can ca lcu la te  a u s in g  the 
fo llow ing  equation:
(3.71
Image plane
pinhole
F igure  3 .3  - F ind ing  the  aspect ra tio  fro m  the  p ro jec tion  o f a h o rizo n ta l
and a ve rtica l line
3.1 .2  E s tim a tin g  R adia l D is to rtio n
As i t  w as m entioned ea rlie r, / ,  and  Sy were com puted  u s in g  on ly
co n tro l p o in ts  th a t were close to  the  cen te r o f the image w here the  effects 
o f ra d ia l d is to rtio n  are neglig ib le . A fte r th a t, we can use th e ir  va lues to 
p ro jec t a ll the  con tro l p o in ts  fro m  w o rld  to  image coord ina tes and use the 
difference between the  p ro jected  UVCS coordinates and the  observed 
UVCS coord inates to estim ate  the  ra d ia l d is to rtio n  coeffic ients. In  order
22
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to  ob ta in  a good estim ate  o f the  d is to rtio n  the  co n tro l p o in ts  used shou ld  
be u n ifo rm ly  scattered over the  en tire  image.
Let Pj =  be the observed coord inates o f a tes t p o in t in  the  UVCS
and le t p, = ( m, ,v,) be the d is to rtio n -fre e  coord inates co rrespond ing  to  p . . 
U s ing  the  co n figu ra tio n  show n in  F igure  3.1, p. ean be com puted  from  
the  te s t p o in t in  WCS by p ro je c tin g  i t  onto the  image p lane. T hus,
(3.8)
n n
The d is to rtio n  vecto r -<d^^ ,d^ >  a t p, is  given by
à i ^ P i - P i  (3.9)
and the  ra d iu s  o f a p o in t p, is  g iven by
=  / ^ 7 + ^ .  (3.10)
P lo ttin g  ||<i-|| as a fu n c tio n  o f the  ra d iu s  r- shows th a t the  m agn itude  o f
the  d is to rtio n  increases w ith  the  ra d iu s  (F igure 3 .4  (a)). The m agn itude  
o f ra d ia l d is to rtio n  is  expressed b y  a po lynom ia l o f the  fo llow ing  fo rm  [4]
=  + - (3.11)
The coeffic ients, and are com puted  u s in g  a least squares f i t  o f 
II d{r-)  II to  I d-^ (See A ppend ix  A). F igure  3 .4  (b) shows the  p lo t o f | ^ /(^ ) || 
u s in g  the  com puted  va lues fo r k^ and  k^. Once the  va lues o f k^ and k^
have been com puted, we can ca lcu la te  the  a m o u n t o f d is to rtio n  a t any 
given p o in t based on its  rad ius .
23
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Figure 3.4  -  a). P lo t o f versus a; b). \d ( r - ) as a fu n c tio n  o f r  .
Since the  d ire c tio n  o f th e  d is to rtio n  vecto r lies, by  de fin ition , a long the  
rad ius , we can com pute  its  < i„and com ponents from
d ^ ( r ^ )= \d ( r .
U:
à y i r i )  =  \ \ d ( r i ) \ \ ^ .
(3.12)
(3.13)
Moreover, we can u n d is to r t every p o in t in  the  image p, =  (m, ,v,) by  u s in g
M, = tî, — ) , (3.14)
V, (3.15)
F igure  3.5  shows an exam ple o f d is to rted  and u n -d is to rte d  images.
24
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«  > *  Il
(a) (b)
F igure  3.5 -  a). D is to rted  image, b). Image a fte r co rrec ting  fo r  ra d ia l
d is to rtio n
3.2 Physical Cam era C a lib ra tio n  A lg o rith m  
A fte r fin d in g  the  in te rn a l cam era param eters fro m  Section 3.1, we 
p o s itio n  the  cam era a t the  desired loca tion  and proceed to  fin d  the 
tra n s la tio n  and ro ta tio n .
Two m ethods have been developed fo r f in d in g  the  e x trin s ic  eamera 
param eters: a ph ys ica l m ethod and an  im age based one. In  the  phys ica l 
ca lib ra tio n  m ethod  the  loca tion  and o r ie n ta tio n  o f the  eamera w ith  
respect to the  WCS are m easured phys ica lly , w hereas in  the  image based 
m ethod  the  ro ta tio n  and tra n s la tio n  in fo rm a tio n  are in fe rred  from  images 
o f the  ca lib ra tio n  object.
In  the  phys ica l m ethod the  o r ie n ta tio n  o f the  cam era is  ob ta ined by 
m easuring  the  com ers  o f the  box th a t defines the  eamera. We m easure 
the  coord ina tes o f th ro u g h  as show n in  F igure  3.6.
25
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p,
F igu re  3 .6  - M easuring  the  eom ers o f the  eamera.
Onee we have the  corners o f the  cam era we can fin d  the  n o rm a l to  the 
image p lane, n , by  cons ide ring  the  vecto r from  the  center o f th e  back 
p lane to  the  cen te r o f the  fro n t p lane. I f  we le t the  center o f the  back  
p lane be denoted b y  and the  center o f the  fro n t p lane
denoted b y  Cj =  (c,^, q  ^ , c, ^  ) , we have
_ P o + A + P 2  + P3
^o=-
_ P^  + Ps+Pè + Pl
« = ||Co-Cj .
(3.15)
(3.16)
(3.17)
H aving  n and kn o w in g  the  w o rld  coord ina tes o f the  p o in t p - ( p ^ , p y , p j  
th a t p ro jects  to  th e  center o f the  image, we can fin d  the  equa tion  o f a
26
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p lane I l j  w ith  n o rm a l n th a t passes th ro u g h  p . T h is  p lane  is p a ra lle l 
to  the  im age plane and has the  fo llow ing  equation,
Px) + f ^ y ( y - +  P,) = 0 (3.18)
T hus, r i j  in te rsee ts  the  z =  0 p lane a t the  line ,
n^x + riyy = p^ + n^Py+n^p^ (3.19)
' » '
c
Sinee th is  lin e  belongs to  a p lane th a t is  pa ra lle l to  the  im age p lane, we 
ean use equa tion  (3.13) w ith  the  focal len g th  /  kn o w n  from  Section 3.1
to  ca lcu la te  h . In  th is  case h represents the  d istance fro m  the  p inho le  
to  p . Le t {a,/5,Y)  denote the w o rld  coord ina tes o f the  p inho le , we can 
com pute  the  WCS coord ina tes o f the  p inho le  as fo llows,
p i n h o l e -  p - h n  . (3.20)
To p ro jec t a p o in t q =  (u,v)  fro m  the  image, we fin d  the  w o rld  
coord ina tes o f q =  {q^,qy,q^) in  the  im age plane and in te rsec t the  ray
th a t passes th ro u g h  q and  the  p inho le , w ith  the z =  0 p lane. In  o rder to
fin d  iqx,Çy,qz) And the  equa tion  o f the  image p lane in  WCS and we
define vecto rs du and dv in  the  d ire c tio n  o f increas ing  u and increasing  
V , respective ly.
The w o rld  coord ina tes o f the  center o f the  image p lane (th a t is, the 
p r in c ip a l p o in t o r op tica l axis) can be ob ta ined  by  trave ling  a d is tance o f
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/  u n its  in  the  d ire c tio n  - n  fro m  the  p inho le . Let C =  (C ^ ,C ^ ,Q ) be the  
coord ina tes o f the  image p lane  center in  WCS, we have th a t,
C  =  p i n h o l e - f n  (3.21)
The equa tion  o f the  im age p lane  given from  C and n is
nx(x  — Cx) +  n y ( y  — Cy)  +  n^(z — Cz) =  0  (3.22)
In  o rder to  com pute  du and dv we com pute  the  3D w orld
coord ina tes o f a p o in t p^ th a t p ro jec ts  onto the  h o rizo n ta l image axis as
w e ll as the  coord ina tes o f a p o in t p^ th a t pro jects on to  the  ve rtica l image
axis. Once we have the  w o rld  coord ina tes o f and p^ we p ro jec t them
back on to  the  image p lane th ro u g h  the  p inho le , y ie ld in g  the  3D w orld
coord ina tes o f p o in ts  a long du  and  dv , respectively. S u b tra c tin g  C  from
these p o in ts  and n o rm a liz in g  the  re su lts  produces du  and dv .
The w o rld  coord ina tes o f any  p o in t q - ( u , v )  on the  image p lane 
can be ob ta ined  fro m  its  im age coord ina tes u s ing  the  fo llow ing  equation,
q =  C  +  {u.du +  v.dv) (3.23)
H aving  the  w o rld  coo rd ina tes o f any p o in t q in  the  image p lane we 
ean p ro jec t q th ro u g h  the  p in h o le  to fin d  its  co rrespond ing  p o in t on the  
image p lane. T h is  is achieved b y  in te rsec ting  the ray  th a t goes th ro u g h  
q and the  p inho le  w ith  the  kn o w n  plane. The equa tion  o f the  ray  is
given by
28
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(3.24)
If, fo r ins tance , we kn o w  th a t q^ lies on the  z = 0  p lane, we ean fin d  its  
coord inates by  f in d in g  the  in te rsec tio n  o f r ( t )  w ith  the  p lane z =  0 .
As m en tioned  earlie r, the  e x tr in s ic  eam era param ete rs are the 
ro ta tio n  and  the  tra n s la tio n . The ro ta tio n  m a tr ix  ean be ob ta ined from
n , du and dv by
R = du dv n (3.25)
The tra n s la tio n  vecto r is ob ta ined  from  the  coord ina tes o f the  p o in t th a t 
pro jects  to  the  center o f the  image. Hence, i f  th a t p o in t has coordinates 
p  =  {Px,Py,Pz)  i t  fo llow s th a t
t  =
Px
Py
Pz
(3.26)
3.3 Image Based Cam era C a lib ra tio n  A lg o rith m  
In  th e  phys ica l ca lib ra tio n  m e thod  the  ro ta tio n  o f the  eamera is 
resolved b y  p h ys ica lly  m easu ring  the  eom ers o f the  eamera. T h is  
process, however, ean be ted ious  and  requ ires h ig h ly  accurate  and 
expensive too ls to  be ca rried  o u t successfu lly . In  o rder to  overcome these 
d ifficu lt ie s  an im p lic it  ca lib ra tio n  m ethod  w as developed. The im p lic it  
m ethod e lim ina tes  the  need to  p h ys ica lly  m easure the  corners o f the 
cam era by  u s in g  a specia l ca lib ra tio n  p a tte rn  th a t a llow s us  to  in fe r the
29
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o rie n ta tio n  o f the  cam era from  the  images. Since, in  the  NASA G loveBox 
we are free to  choose the  WCS o rig in , we chose i t  so th a t i t  appears a t the 
cen ter o f the  im age. T h is  assum ption  w il l  be made fo r the  rem a ind e r o f 
th is  section.
Let us assum e th a t the  cam era is ro ta ted  o n ly  ab ou t the  x -a x is  by  
6. T h a t is, the ro ta tio n  m a tr ix  is an x - ro ll (F igure 3.8).
F igure  3.8 -  R o ta tion  o f the eamera b y  6 degrees abou t the  x -a x is
F rom  F igure 3.8 i t  fo llow s th a t
^ABF  =  M E D
Therefore,
and
AB BE
AD ED
30
(3.27)
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Hence,
APED = ^pca
ED EP A F -E D  sine
D f  PC PC
(3.28)
Moreover, since
we have
BE
C A
APBE^APB.C,
PE A P + BE sin e
PC PC
(3.29)
From  (3.27) we have BE = ÀED hence (3.29) becomes
ÀED AP+ÀED sin e
CB, PC
(3.30)
S u b s titu tin g  fo r the  kn o w n  va lues in  equa tions (3.28) and (3.30), we 
o b ta in  the  fo llow ing  tw o  equa tions w ith  tw o  unknow ns,
ED _ f - E D s i n e
a h
XED _ f  -X E D s ine
a h
(3.31)
(3.32)
Solving (3.31) and  (3.32) fo r 6 we get,
h ( X- \ )
0 = sin '
a (À +  1)
(3.33)
We were able to  de te rm ine  e  based on the  ra tio  o f the  p ro jec tion  o f 
£ )]C to  th e  p ro jec tion  o f CA, w here , C  and A  ^ are three co llinea r 
po in ts  on the  y -ax is  and C is  the  center o f B^D^. R eferring back to
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F igure  3.8, le t ric be the  no rm a l to  the  image plane and nw =<  0,0,1 > be 
the  n o rm a l to  the  plane. The angle between ric and riw is  TT+O. 
Therefore,
He =Rx(Ti +  Q)n^  (3.34)
w here R ^ (^ )  is  a ro ta tio n  m a tr ix  a b ou t the  x-ax is . T hus, we are able to
fin d  the  n o rm a l to  the  image p lane ric fo r the  ease w hen  the  cam era is 
o n ly  ro ta ted  a b ou t the  x-axis.
In  the  general case, however, the  image plane is  n o t ro ta te d  ju s t  
abou t the  x -ax is . Instead, we have a sequence o f ro ta tio n s  a b o u t the  x, y  
and z axis. To f in d  the angle between ric and riw we f irs t  need to  id e n tify  
an  axis o f ro ta tio n  in  the  p lane. Once we have found  th is  axis we
can use equa tion  (3.33) to  fin d  the  ro ta tio n  angle. O u r m e thod  fo r 
fin d in g  the  ax is  re lies on the  faet th a t the  image o f the  axis o f ro ta tio n  
rem ains unchanged  as the  eamera is ro ta ted . In  o rder to  u t i l iz e th is  fact, 
we co n s truc ted  a special ca lib ra tio n  g rid  th a t consis ts  o f p o in ts  in  a 
c irc u la r  p a tte rn . The p o in ts  are pos itioned  on the  c irc le  a t every 2 
degrees (F igure 3.9).
D ue to  the  fac t th a t the leng th  o f the  axis does n o t change as the  
cam era is ro ta ted , we fin d  the  opposing  p a ir  o f p o in ts  th a t are 
e q u id is ta n t to  the  center o f the  c irc le  and take the lin e  given b y  them  to 
the axis. A  de ta iled  a lg o rith m  fo r do ing  th is  is given in  Section 4 .2.2.
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Once we have fou nd  the  axis o f ro ta tio n , we use the line  p e rpe n d icu la r to 
i t  in  equa tion  (3.33) to  de term ine  the  angle 6 .
Figure  3.9 - C irc u la r ca lib ra tio n  p a tte rn
K now ing  the  axis o f ro ta tio n  and the  angle 6 ,  we ean co n s tru c t a 
co rrespond ing  ro ta tio n  m a tr ix  a b ou t the  axis as described in  A pp en d ix  B, 
say R - ( ^ ) . T h is  a llow s us to  com pute  ric  from  riw  by
r ic = R - {K  + Q )n^. (3.36)
Once we have the  n o rm a l to  the  im age p lane, r ic ,  we can com pute  the 
WCS coord ina tes o f the  p in h o le  and the  center o f the  im age plane, 
C = (C x ,C y ,C ^), b y  ray  tra c in g  fro m  the  WCS o rig in  in  the  d ire c tio n  o f
—ric as described in  the  p rev ious section. U sing ric  and C we ean find
the  equa tion  o f the  image plane; then , du and dv ean be found  by 
in te rsec tin g  the  rays w ith  the  im age p lane as described in  th e  previous
33
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section  (see F igure  3.7). We can co n s tru c t o u r ro ta tio n  m a tr ix  R a s  in
(3.25),
R du dv (3.37)
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CHAPTER 4
EXPERIM ENTAL PROCEDURE 
T h is  chap te r w ill deseribe the  experim enta l procedure and presen t 
the  resu lts  ob ta ined  fro m  o u r experim ents. Section 4.1 presents the  
phys ica l and softw are too ls needed fo r the  experim ent, Seetion 4.2  
describes the  p rocedure  o f the  experim ent and Section 4.3 p resents the  
resu lts .
4.1 E xpe rim en ta l Tools 
The experim enta l too ls  th a t we used can be d iv ided in to  tw o 
categories, phys iea l too ls and  softw are tools. The phys iea l too ls are a 
c irc u la r  p a tte rn , a g rid  p a tte rn  and a precise ly m easured box. The 
software too ls used are a reg ion  seleetion too l, a p o in t e x trac tion  too l and 
too ls fo r re a rrang ing  extraeted po in ts .
The g rid  p a tte rn  is  used in  fin d in g  the  in te rn a l param eters o f the  
eamera (Seetion 3.1) and in  te s tin g  the  fin a l e a lib ra tion  as w il l  be seen 
la te r. The g rid  uses the  same dots used in  the c irc u la r  pa tte rn , b u t  they  
are d raw n  in  an 11x14 g rid  w ith  a spaeing o f 2cm  between ne ighboring  
dots. The c ire u la r p a tte rn  is  used to  earry  o u t the im p lic it  ca lib ra tio n  as
35
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described in  Section 3.2 (See F igure  4.1). I t  consis ts  o f 180 dots, evenly 
spaced on a e ircle  w ith  a 10 cm  ra d iu s . The do ts them selves have a 
c ire u la r shape w ith  eaeh hav ing  2  m m  ra d iu s .
F igure  4.1: The g rid  and  c irc u la r  pa tte rns .
The reg ion seleetion too l is  necessary to  seleet the  reg ion in  the  
im age w here the  ca lib ra tio n  p a tte rn  appears so to  l im it  the search fo r 
dots to  th a t region. I t  w o rks  by  enelosing the  reg ion  o f in te res t w ith  a 
closed polygon so th a t the  p o in t ex tra c tio n  too l on ly  considers p o in ts  th a t 
fa ll ins ide  th is  polygon. The polygon is specified  b y  the  user. I t  is  s im p ly  
an  ordered sequence o f vertices w ith  an  edge assum ed between every tw o 
consecutive vertices. The polygon sh o u ld  enclose the  en tire  ea lib ra tio n  
p a tte rn  as seen in  F igu re  4.2.
Once the  reg ion has been seleeted, th e  p o in t ex trac tion  too l is  used 
to  accu ra te ly  detect the  image eoord inates o f the  dots in  the  ca lib ra tio n  
pa tte rns .
36
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F igure  4 .2  : Exam ples o f the  region seleetion too l be ing  used.
The f ir s t  step in  ex tra c tin g  the  po in ts  is eonverting  the  im age from  
RGB to  YIQ , then , the  image is segmented in to  b la ck  and w h ite  regions 
us ing  a th re sh o ld  techn ique , and fin a lly , the  center o f m ass o f each o f 
the  b laek reg ions (dots) is  found  us in g  dep th  f irs t seareh g iv ing  u s  the  
image eoord inates o f a dot.
Once we have extraeted the  image coord ina tes o f the  dots, we need 
to  arrange th e m  in  a m e an ing fu l way; the  p o in t o rdering  too ls are used 
fo r th is . There are tw o too ls fo r o rde ring  po in ts , a too l fo r a rran g ing  the  
po in ts  from  the  e ire u la r p a tte rn  in to  clockw ise o rder and a to o l fo r 
o rdering  th e  p o in ts  in  the  g rid  lin e  b y  line . The eirele o rde ring  to o l w o rks  
b y  separa ting  the  p o in ts  in to  fo u r regions in  the  m anne r show n in  F igure  
4.3, each reg ion is speeified b y  a triang le . The p o in ts  in  Region 1 are 
sorted b y  th e ir  y  coord ina tes in  increas ing  order, in  Region 2 th e y  are 
sorted b y  decreasing x, in  Region 3 b y  decreasing y  and in  Region 4 by  
increas ing  x. T h is  gives us  a clockw ise o rde ring  o f the  po in ts .
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F igure  4.3; Regions used fo r o rdering  the  dots.
The too l fo r a rrang ing  the g rid  p o in ts  sorts the  p o in ts  lin e  b y  line  
from  le ft to  r ig h t as shown in  F igu re  4 .4 . The a lg o rith m  to  do th is  is 
o u tlin e d  below.
A lgorithm : S o rting  the  g rid  p o in ts  lin e  b y  line.
Inpu t: The fo u r eom ers o f the  g rid  are the in p u t to  the  a lgo rithm . 
Let be the  com ers, w here  is the  bo tto m  le ft com er, c„ is
the  top  le ft com er, is  the  b o tto m  r ig h t eom er and is  the  top  r ig h t 
eom er. (see F igure  4.4)
Step 1: F ind  the  head and ta il o f every line. T h is  is  done by
fin d in g  the  slope 5 , o f the  line  , fo r a ll rem a in ing  p o in ts  p. we fin d  the
slope o f the  lin e  p.c„ o r , i f  th is  is  equa l to  5 , the n  p. is  considered a 
head o f a line . S im ila r ly  us ing  we can  fin d  a ll the  ta ils  o f the  lines.
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Let heads  be the  a rra y  o f a ll heads and ta ils  be the a rray  o f a ll ta ils . Once 
we have fo u n d  heads  and  ta ils  we so rt each set in  inc re a s ing  order 
accord ing  to  th e  y-coo rd ina te .
Step 2: S o rt the  p o in ts  on every line . T h is  is done s im ila r ly  to  Step 
1 , we cons ide r every lin e  form ed b y  jo in in g  correspond ing  p o in ts  in  
heads  and  ta ils . T h a t is, we consider every line  I. fo rm ed b y  heads[i}
and tailsUl, le t ,^ be the  slope o f th is  line . For a ll the  re m a in in g  p o in ts  pj
i f  the  slope o f the  lin e  Pj headsli] o r Pj ta ils fi] equals s. th e n  p j be longs to
the  lin e  /,. N ext we so rt a ll the  po in ts  in  every line  /, in  inc reas ing
d istance fro m  headsli].
Step 3: The sequence o f lines  gives us th e  desired
o rdering  o f the  po in ts .
F igu re  4.4: The a rrow s ind ica te  the  w ay the p o in ts  are sorted.
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4.2 Experimental Procedure
4.2.1 In te rn a l C a lib ra tio n
We s ta rt by  fin d in g  the  in te rn a l eam era param ete rs as described in  
Seetion 3.1. The cam era is p laced p e rpe n d icu la r to  the  g rid  as show n in  
F igu re  3.1 and an  image o f the  g rid  is  cap tu red , we e x tra c t the  2D image 
eoord inates o f th is  g rid  u s in g  the  p o in t ex tra c tio n  too l and store them  in  
the  ordered set LowPnts. Next, we ra ise  the g rid  u s in g  a precise ly 
m easured he igh t, and once again  e x tra c t the  p o in ts  in to  the  ordered set 
HighPnts.
The sets LowPnts  and  H ighPnts  are re -arranged  us in g  the  p o in t 
o rde ring  too l described above and th e n  used w ith  equa tion  (3.5) to 
com pute  the  foeal leng th  / .  E q ua tions  (3.4) and (3.5) are com puted 
u s in g  a ll the  h o rizo n ta l lines  and ve rtica l lines ob ta inab le  fo rm  the grid , 
the  re su lts  are averaged to  y ie ld  the  f in a l va lue  fo r /  o f the  v ir tu a l 
eamera.
The nex t step is  to  com pute  th e  ra d ia l d is to rtio n  coeffic ients. T h is  
is  achieved b y  p ro jec ting  a ll the  po in ts  in  LowPnts  fro m  3D WCS to  the 
2D  ICS u s in g  the  va lues fo r /  and the  h e ig h t o f the  eam era h th a t were 
com puted  in  the  p rev ious step. The a c tu a l image coord ina tes o f the 
p o in ts  are the  ones th a t were extracted  fro m  the im age us in g  the  p o in t 
ex tra c tio n  tool, these are used in  equa tion  (3.8) a long w ith  the  pro jected 
image eoord inates to com pute  the  d is to rtio n  a t every po in t. Then a
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po lynom ia l o f the  fo rm  (3.10) is  l i t  in to  the  p lo t o f d is to rtio n s  u s in g  a 
least squares f i t  (see A pp end ix  A2) to  y ie ld  the va lues fo r  the  ra d ia l
d is to rtio n  coeffie ients and .
4 .2 .2  E x te rn a l C a lib ra tio n  
Once we have the  in te rn a l cam era param eters, we can proceed 
w ith  the ex te rna l ca lib ra tio n  to  determ ine the  ro ta tio n  and tra n s la tio n  o f 
the  cam era. We place the  cam era a t the  desired loca tion , and  th e n  we 
po s ition  the  c irc u la r  p a tte rn  described in  Section 4.1 so th a t the  center 
o f the c irc le  appears a t the  center o f the  image. Aga in , the  p o in t 
ex tra c tion  too l is  used to  e x trac t the ICS coord inates o f the  do ts  and 
store them  in  the  a rray  CirclePnts[]. The c irc le  o rde ring  too l is  used to 
o rder the  p o in ts  in  CirclePnts[] in  clockw ise o rd e r s ta rtin g  fro m  an 
a rb itra ry  p o in t. Once we have the  po in ts  we use the  fo llow ing  a lg o rith m  
to  de term ine the  axis o f ro ta tio n  o f the  camera.
A lgorithm : D e te rm in in g  the  axis o f ro ta tio n  from  the  c irc le
Step 1: Every tw o  p o in ts  on opposite sides o f the  c irc le  are pa ired 
together in to  p a irs  (p.pAz) w here i is  the  p a ir  n u m b e r and p,, = (q p ^ i) 
and p , 2  -  (q ;,/);) are the  im age coord ina tes o f the  tw o  po in ts .
Step 2: For every p a ir  (p,pP,2 ) the  fo llow ing  ra tio  is ca lcu la ted .
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w here c = (c^.,rj is  the  im age eoord inates o f the  center o f the  c ircle.
Step 3: The p a ir  th a t gives r  c losest to  1 is taken  to  be the  axis o f 
ro ta tion .
Let the axis ro ta tio n  fo und  u s in g  the  above a lg o rith m  be denoted 
b y  a vector v , we take  the  tw o  c irc le  p o in ts  th a t fa ll on the  line  th a t is 
pe rpend icu la r to  v and use them  fo r Z), and 5, in  F igure  9, th e n  we can 
com pute the  angle o f ro ta tio n  6 ab ou t v u s in g  equation  (3.33). Once we 
have 0 we can com pute  the  n o rm a l to  th e  image p lane u s ing  (3.36) 
and the  ro ta tio n  m a tr ix  o f the  cam era is  g iven by equa tion  (3.37).
4 .3  E xpe rim en ta l R esults
A  set o f kn o w n  co n tro l p o in ts  w as used to  ve rily  the  correctness o f 
the  ca lib ra tion . The set con ta ins  294 c o n tro l po in ts , positioned every 2 
cm  in  a 21 by  14 g rid  p a tte rn . F irs t, an  image o f the  con tro l p o in ts  is 
cap tu red  from  each ca lib ra ted  cam era and the  po in ts  are pro jected from  
the  ICS to  WCS u s in g  the  param eters com puted  from  the ca lib ra tio n  
procedure and equa tions (2.3) th ro u g h  (2.7). The E uc lidean  d istance 
between the  com puted  WCS eoord inates and the  a c tu a l know n  w orld  
eoordinates is taken  as the  e rro r m easure.
Two types o f e rro rs  are considered, the  ca lib ra tio n  e rro r and the  
re co ns tru c tio n  e rror. In  the  ca lib ra tio n  e rro r the  p o in ts  are assum ed to 
belong to  a know n  p lane say the  z = 0  p lane and are pro jected u s ing  on ly
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one cam era. Before p ro jec ting  the  p o in ts  the  effects o f ra d ia l d is to rtio n  
are rem oved fro m  the ICS coord ina tes o f eve iy  p o in t, th is  is done us in g  
equations (3.13) and (3.14). N ext the  p o in t is  pro jected in to  CCS u s ing  
equations (2.5) and (2.6). Then, the  w o rld  coord inates are com puted  
u s in g  (2.7).
To com pute  the  re co n s tru c tio n  e rro r, im ages from  the  tw o  cam eras 
are used toge the r to  resolve a ll th ree  coord ina tes s im u lta neous ly . T h is  is 
achieved b y  p ro je c tin g  the  p o in t fro m  each cam era and th e n  us in g  
tr ia n g u la tio n  to  resolve its  w o rld  eoord inates. Table 4.1 shows the  
average c a lib ra tio n  and re co n s tru c tio n  e rro rs  fo r 8  ca lib ra tio n  tr ia ls . The 
experim ent w as repeated 5 tim es per cam era in  o rder to  m in im ize  the 
e rro rs  due to  experim enta l procedure.
ERRORS (cm)
Tria l No. X Y Z Distance
1 -  Cam 1 0.085 0.155 0.158 0.237
1 -  Cam 2 0.127 0.106 0.065 0.178
2 -  Cam 1 0.071 0.120 0.071 0.156
2 -  Cam 2 0.168 0.214 0.177 0.324
3 -  Cam 1 0.195 0.140 0.141 0.278
3 -  Cam 2 0.100 0.185 0.160 0.264
4 -  Cam 1 0.093 0.246 0.231 0.350
4 -  Cam 2 0.112 0.104 0.042 0.158
5 -  Cam 1 0.107 0.057 0.106 0.161
5 -  Cam 2 0.250 0.179 0.150 0.342
Average
Errors 0.1308 0.1506 0.1301 0.2448
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Table 4.1 : Average e a lib ra tio n  e rro rs  o f 6  ca lib ra tio n  tr ia ls
Tria l No.
ERRORS (cm)
X Y Z Distance
1 0.086 0.285 0.197 0.357
2 0.145 0.138 0.161 0.257
3 0.101 0.185 0.512 0.553
4 0.109 0.169 0.160 0.256
5 0.194 0.188 0.265 0.378
Average
Errors 0.127 0.193 0.259 0.3602
Table 4 .2  : Average re co n s tru c tio n  e rro rs  re su ltin g  from  the  above
ca lib ra tio n s .
As can be seen from  the above tab les, we have an  e rro r o f a b ou t 2 
m m  in  th e  3D coord ina te  re co ns tru c tio n . Some o f the  possib le  sources o f 
e rro r in  o u r ca lib ra tio n  are, the  c o n s tru c tio n  o f the ca lib ra tio n  object, the  
feature  ex trac tion , the  tr ia n g u la tio n  e rro r and lens d is to rtio n s . The 
c a lib ra tio n  p a tte rn  was d raw n  u s in g  A u toC A D  and p r in te d  on a large 
sheet o f paper u s in g  a p lo tte r and  th e n  i t  was placed on  a f la t board  to 
keep i t  s tra ig h t. The d is tance betw een to  ad jacent dots w as assum ed to 
be 2 . 0  cm , however, th is  m ig h t n o t be tru e  due to  some bend in g  or 
c ru m p lin g  in  the  paper. The fea tu re  e x tra c tio n  aeeuraey can be affected 
b y  n o n -u n ifo rm  illu m in a tio n , th is  w il l  cause the detected ce n tro id  o f the  
co n tro l p o in ts  to  be s lig h tly  o ff the  a c tu a l center. The th ird  source o f 
e rro r is  lens d is to rtio n , as m e n tio n  in  p revious chap te r o u r ca lib ra tio n
44
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m odel on ly  considers ra d ia l lens d is to rtio n  since i t  is  the  m o s t s ig n ifica n t 
c o n tr ib u to r, however, cons idering  o the r fo rm s o f d is to r tio n  such  as 
tan g e n tia l and th in  p rism  shou ld  im prove the  re su lts  o f the  ea lib ra tion . 
The fin a l source o f re co n s tru c tio n  e rro r is the  tr ia n g u la tio n  u n ce rta in ty , 
i t  is  kn o w n  th a t th e  aeeuraey o f tr ia n g u la tio n  depends on th e  base leng th  
o f the  cam eras. However, in  the  NASA V G X  the  cam eras m u s t bo th  
share a large v iew ing  area to  a llow  free hand  m ovem ent. So they  have to 
be pos itioned  close to each o ther.
4 5
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C HAPTERS
CONCLUSION
T h is  thes is  presented  a novel approach to  cam era e a lib ra tio n  
based on  the  geom etric p roperties  o f the  camera. The ca lib ra tio n  
a lg o rith m  has va rio u s  advantages and disadvantages in  com parison  to 
o th e r ca lib ra tio n  schemes. For instance , i t  is  co m p u ta tio n a lly  fa s t and 
a lg o rith m ica lly  sim ple . In  fact, o u r a lgo rith m  y ie lds a closed fo rm  
so lu tio n  w ith o u t re ly ing  on n o n -lin e a r op tim iza tion  m ethods. However, 
two separate procedures are needed fo r com pu ting  the  cam era ’s in tr in s ic  
and e x tr in s ic  param eters. F o rtu na te ly , once the  in te rn a l cam era 
param eters have been com puted , the  cam era can be placed in  d iffe re n t 
pos itions  w ith o u t hav ing  to  re ca lib ra te  the  in te rn a l param eters.
The accuracy o f the  e a lib ra tio n  m ethod can be fu r th e r  im proved by 
cons ide ring  o the r fo rm s o f lens d is to rtio n  such  as ta n g e n tia l and th in  
p rism  d is to rtio n . As a d ire c tio n  fo r fu tu re  research one can use the  
param eters ob ta ined fro m  o u r ca lib ra tio n  m ethod as an  in it ia l guess to 
some o f the  n o n -lin e a r o p tim iza tio n  m ethods used in  the  lite ra tu re
[4] [9] [10]. I t  w il l  be in te re s tin g  to  see how  th is  w ü l a ffect the  n u m b e r o f 
ite ra tio n s  perform ed by  the  n o n -lin e a r op tim iza tion .
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The ca lib ra tio n  m ethod presented in  th is  thes is  was successfu lly  
used to ca lib ra te  the  cam eras in  the  NASA V ir tu a l GloveBox. U s ing  the  
ca lib ra ted  cam eras we were able to  e x tra c t th e  p os itions  and d irec tions  o f 
the  hands in  the  glove box a long w ith  the  pos itions  and d ire c tions  o f 
each in d iv id u a l finge r w ith  h ig h  accuracy. T h is  w il l  eventua lly  lead to 
ha nd  gesture recogn ition .
47
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APPENDIX A
LEAST SQUARES CURVE FITTING 
In  Least Squares eurve fitt in g , we f i t  a given po lynom ia l f ( x )  w ith
u n kn o w n  coeffic ients to  a set o f observed da ta  po in ts . Let be an
observed da ta  p o in t and le t / ( x , )  be the  va lue o f the  p o lyno m ia l
evaluated a t th a t p o in t, we solve fo r the  coeffic ients o f f { x )  th a t
m in im ize  the  square e rro r over a ll the  observed da ta  po in ts , th a t is, we 
m in im ize  the  fo llow ing  sum ,
e =  Y , ( y i - f ( x ^ ) Ÿ  (A .l)
i
In  o u r ease, fo r the  ra d ia l d is to rtio n  es tim a tion , the  po lynom ia l is  o f the  
fo rm
=  +  {A. 2 )
w here r  is  the  ra d iu s . T hu s , the e rro r fu n c tio n  becomes,
e =  % ]( X - k ^  r f  -k ^  r ^ f  . (A.3)
i
To determ ine the  va lues o f k^ and k^  th a t m in im ize  e we set the  p a rtia l 
deriva tives to zero and solve fo r k^ and k^. T h a t is.
48
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-  /Cq r f  ) =  0 (A.4)
^^0 ,
^  = =  0  (A.5)
the above becomes,
- 2 ^  y i^ f + 2/Cq =  0 (A.6 )
f i  i
and
-2%]%^  ^ + 2^ 0 + 2^iZ^'° = 0 (A-7)
f f i
th is , a fte r co m p u tin g  the know n  values, can be re w ritte n  as,
ÜQ +  /CqO] +  /Cjflj =  0 (A. 8 )
Bq +  kçjb^  +  kp2 -  0 - (A.9)
w here th ro u g h  a^, and 6  ^th ro u g h  are know n. E quations (A.8 ) and
(A.9) can now  be s im u lta n e o u s ly  solved to  de term ine the  va lues fo r k^
and k, .
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APPENDIX B
ROTATION ABO U T AN ARBITRARY AXIS 
In  th is  section  we present a p ro o f o f the  fact th a t a ro ta tio n  a b ou t an 
a rb itra ry  axis is  equ iva len t to a sequence o f ro ta tions  a b o u t the  x, y  and 
z  axis. Le t R ^ ( ^ ) , R y (^ )  and R ^ (^ )  be the  ro ta tio n  m a trices  a b o u t the
X, y  and  z  axis, respective ly. Then, they  are given by
R%(#) =
R v (m
R z (^ ) =
1 0 0 
cos# - s in #  0 
sin# -co s#  0
cos# - s in #  0 
0 1 0 
sin# -co s#  0
sin# cos# 0 
cos# - s in #  0 
0 0 1
(B .l)
{B.2)
(B.3)
Now le t u s  cons ide r the  ro ta tio n  a b ou t an  a rb itra ry  axis de fined b y  the 
vecto r u =  {u ^ ,U y ,u ^ . To perfo rm  a ro ta tio n  abou t u we f ir s t  ro ta te  the
en tire  coo rd ina te  system  a bou t the  z-axis u n t i l  u is on the  xz-p lane. 
Then, we ro ta te  the  system  abou t th e  y-ax is  u n t i l  u is  on th e  z-axis. 
Next, we pe rfo rm  the  desired ro ta tio n  o f #  abou t the z-axis. F in a lly , we
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app ly  the  inverse o f the  f irs t  tw o ro ta tio n s  to  b r in g  the  system  ba ck  to  its  
o rig in a l pos itio n . The ro ta tio n  m a tr ix  fo r ro ta tin g  abou t u show n in  
F igure  B . l  is  given by,
R „ ( ^ )  =  R ;i(c t) .R ;H y ^ ).R z (^ )-R y (y ^ )-R z (^ ). (B.4)
where.
and
ûr =  s in '
• j u l + u ] + u l
P  =  s>\n
z
(B.5)
(B .6 )
F igure  B . l  - R o ta tion  ab ou t an a rb itra ry  axis
Therefore, we can express any ro ta tio n  abou t an  a rb itra ry  ax is  as a 
sequence o f five ro ta tio n s  a bou t the  x, y  and z  axis.
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